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Viruses cause significant yield and quality losses in a wide variety of cultivated crops.
Hence, the detection and identification of viruses is a crucial facet of successful crop
production and of great significance in terms of world food security. Whilst the adoption
of molecular techniques such as RT-PCR has increased the speed and accuracy of viral
diagnostics, such techniques only allow the detection of known viruses, i.e., each test
is specific to one or a small number of related viruses. Therefore, unknown viruses can
be missed and testing can be slow and expensive if molecular tests are unavailable.
Methods for simultaneous detection of multiple viruses have been developed, and (NGS)
is now a principal focus of this area, as it enables unbiased and hypothesis-free testing
of plant samples. The development of NGS protocols capable of detecting multiple
known and emergent viruses present in infected material is proving to be a major
advance for crops, nuclear stocks or imported plants and germplasm, in which disease
symptoms are absent, unspecific or only triggered by multiple viruses. Researchers want
to answer the question “how many different viruses are present in this crop plant?”
without knowing what they are looking for: RNA-sequencing (RNA-seq) of plant material
allows this question to be addressed. As well as needing efficient nucleic acid extraction
and enrichment protocols, virus detection using RNA-seq requires fast and robust
bioinformatics methods to enable host sequence removal and virus classification. In this
review recent studies that use RNA-seq for virus detection in a variety of crop plants are
discussed with specific emphasis on the computational methods implemented. The main
features of a number of specific bioinformatics workflows developed for virus detection
fromNGS data are also outlined and possible reasons why these have not yet beenwidely
adopted are discussed. The review concludes by discussing the future directions of this
field, including the use of bioinformatics tools for virus detection deployed in analytical
environments using cloud computing.
Keywords: viral diagnostic, next generation sequencing (NGS), crop protection, food security, bioinformatics &
computational biology
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INTRODUCTION
Rapid detection and identification of viruses in cultivated plants
is very important for successful crop production. Viruses cause
significant yield and quality losses in a wide variety of agricultural
crops and have an important negative economic impact (Rybicki,
2015). All types of crops are susceptible to virus infection,
including those cultivated for food, as ornamentals and for fuel.
Examples include Potato virus Y (PVY) infection of potato and
Turnip mosaic virus infection of oilseed rape. Classical infection
symptoms, such as yellowing, mosaic and stunting are often not
diagnostic, and can be absent or masked by other factors. It is
also common for combinations of different viruses to be the
trigger that leads to severe infection symptoms (Syller, 2012).
With a rising international trade in seeds and stock plants and
agricultural intensification, there is an increasing likelihood of
new and emerging viruses becoming established (Massart et al.,
2017). Hence, effective plant viral diagnosis is an essential tool to
help deliver world food security.
Whilst the adoption of molecular techniques such as reverse
transcriptase-polymerase chain reaction (RT-PCR) has increased
the speed and accuracy of viral disease diagnosis in crops, such
techniques only allow the detection of known viruses, i.e., each
test is specific to one or a small number of related viruses
(Mumford et al., 2006). If such techniques are unavailable, or the
virus is unknown, then disease diagnosis requires tests conducted
using indicator plants in expensive glasshouses or the use of
field indexing, both of which are laborious and slow. Methods
for simultaneous detection of multiple viruses (multiplexed
methods) have been developed, and next generation sequencing
(NGS) is now a principal focus in this area (Boonham et al.,
2014; Figure 1). The development of new techniques capable of
detecting multiple viruses present is essential for when disease
symptoms are absent, unspecific or triggered only when plants
become infected by multiple viruses. In such instances, a specific
single-pathogen diagnostic would not be able to identify the cause
of disease in all outbreaks. The majority of plant viruses have
RNA as their genetic material and those that have DNA genomes
produce RNA transcripts. Hence the analysis of RNA sequences
from plant samples is an effective method for virus detection.
More recently the sequencing of total small RNAs (sRNAs) has
also proved to be an effective method for virus detection (Wu
et al., 2010). Whilst controversial in mammals, eukaryote small
interfering RNAs (siRNAs) direct antiviral immunity through
RNA interference and during this process virus-derived siRNAs
are enriched in the host and can be selectively purified for
sequencing (Wu et al., 2010).
The ability to conduct hypothesis-free viral testing of
plants using NGS, presents both opportunities and challenges.
Researchers want to answer the question “how many different
viruses are present in this crop plant?” without knowing what
they are looking for: RNA-sequencing of plant material allows
this question to be addressed. A number of studies have recently
been published that have used this approach to establish the cause
of non-specific plant disease symptoms (e.g., Matsumura et al.,
2017), to establish the viral load of native or imported plant stocks
(e.g., Wylie et al., 2014) or to exemplify methods for re-analyzing
existing RNA-seq datasets for virus detection purposes (e.g., Jo
et al., 2015). Publications that attempt to establish the total viral
load of a plant have generally been exploratory in nature, and the
wider impact of NGS technology for virus detection in plants is
only just emerging as the number of studies increases.
Using RNA-seq for Virus Detection in
Plants
Whilst studies on virus identification by NGS sequencing are
dominated by those using human clinical samples, those looking
at viruses in plants have been slower to emerge. However, as
previously stated, a number of papers have now been published
that use RNA-sequencing analysis for hypothesis-free detection
of viruses in a different crop plants (Coetzee et al., 2010; Kashif
et al., 2012; Li et al., 2012; Wylie et al., 2014; Jo et al., 2015, 2016,
2017; Matsumura et al., 2017). All these papers describe analyses
in agricultural crops, and show the need for methods that can
identify multiple viruses, as viral co-infection is a consistent
theme. Each study is described here, with an emphasis on the
computational methods used to analyse the RNA-seq data for
virus detection.
Garlic (Alium sativum)
The viral content of garlic has been analyzed using RNA-seq to
make the case for using multiplex methods for virus detection
in the context of plant quarantine systems (Wylie et al., 2014).
Total RNA was extracted from leaves from garlic plants (both
imported and native to Australia), amplified and sequenced
using Illumina HiSeq 2000 technology. Two commercial software
packages [Genius Pro (www.geneious.com) and CLC Genomics
Workbench (www.clcbio.com)] were used to de novo assemble
reads into contigs. Contigs with lengths >1,000 nucleotides were
then aligned to the GenBank database (Benson et al., 2013) using
Blastn and Blastx (Altschul et al., 1990). Contigs with one or
more hits to a known virus within the top 100 Blast hits were
then further classified. The raw reads were then mapped back
to each contig representing putative viral sequences, and those
with less than 10-fold coverage were removed. Open reading
frames (ORFs) in contigs with nomatches to viral sequences were
identified, and the amino acid sequence of predicted large ORFS
compared against the Conserved Domain Database (Marchler-
Bauer et al., 2015). This study revealed that isolates of between
1 and 8 viruses were present in each cultivated garlic plant (A.
sativum) and a single virus isolate was detected in one wild garlic
plant (A. vineale L.). In total 41 virus isolates were identified
including potyviruses (e.g., Leek yellow stripe virus), allexiviruses
(e.g., Garlic virus D (GarVD) and carlaviruses (e.g., Shallot latent
virus). This study was the first to obtain the complete genomes of
two isolates of GarVD, and to show the presence of the potexvirus
Asparagus virus 3 in wild garlic (which grows as a weed) in
Australia.
Pepper (Capsicum annuum)
Multiple viral infections have also been identified in pepper
plants (Capsicum annuum) using RNA-seq analysis (Jo et al.,
2017). In this study two different pepper cultivars [Pusa Jwala (PJ)
(susceptible) and Taiwan-2 (TW) (resistant)] were sequenced
Frontiers in Plant Science | www.frontiersin.org 2 October 2017 | Volume 8 | Article 1770
Jones et al. Virus Diagnostics in Plants
FIGURE 1 | (A) Outline of outcomes from PCR, microarray, and NGS-sequence based approaches for virus detection in plants. (B) Outline of potential stages in an
RNA-seq analysis workflow for virus detection in plants.
using HiSeq 2000 technology. The raw reads were de novo
assembled using both Trinity (Grabherr et al., 2011) and Velvet
(Zerbino and Birney, 2008) with Oasis (Schulz et al., 2012). The
resulting contigs were compared to the RefSeq viral database
(O’Leary et al., 2016) using MEGABLAST. This study compared
the use of Trinity and Velvet for de novo assembly, and for these
data Trinity was shown to be better, producing longer contig
lengths, but Velvet was considered better for assemblies with low
virus titre. The use of Trinity and Velvet to assemble contigs
resulted in different combinations of viruses being identified
for each assembler. However, eight viruses were common to
all datasets, with Bell pepper endornavirus (BPEV), PepLCBV
(Pepper leaf curl Bangladesh virus), and TVCV (Tobacco vein
clearing virus) having the highest number of contigs matched.
In addition this study identified a novel virus, Pepper Virus A
(PepVA).
Pear (Pyrus pyrifolia)
Many fruit trees are known to be co-infected by multiple
viruses, and the analysis of a pear (Pyrus pyrifolia) transcriptome
helped to confirmed this (Jo et al., 2016). The study used
publically available transcriptome libraries from 3 different
studies, 2 mRNA-seq and 1 sRNA-seq to look at infection by
Apple stem grooving virus (ASGV), most commonly identified
in apples, pear and citrus trees. The pear transcriptome,
sequenced during different developmental stages, was extracted
from the Sequence Read Archive (SRA) (Leinonen et al.,
2011) (SRA identifier: SRX532394). The raw reads were de
novo assembled using Trinity (Grabherr et al., 2011) and the
assembled contigs compared against reference viral genomes
using MEGABLAST. This analysis revealed the presence of 5
viruses with read counts >5 which included ASGV, but also 3
additional viruses, Prunus virus T (PrVT), Apple green crinkle
associated virus (AGCAV), and Apple stem pitting virus (ASPV).
Additional reads were initially matched to Potato leaf roll virus,
but on further analysis these contigs were identified as host
sequences.
Grapevine (Vitis vinifera)
Two studies have looked at virus co-infection of grapevines;
(Coetzee et al., 2010; Jo et al., 2015). In the first, lignified
cane material was selected from vines (Vitis vinifera) in a
merlot vineyard in South Africa (Coetzee et al., 2010). RNA-
seq was conducted using Illumina Genome Analyzer technology
to give paired-end reads. The reads were de novo assembled
using Velvet (Zerbino and Birney, 2008) and the contigs
compared to the NCBI non-redundant DNA and protein
databases using Blast (Altschul et al., 1990) and classified. The
viruses identified included Grapevine leafroll-associated virus
3 (GLRaV-3), Grapevine rupestris stem pitting-associated virus
(GRSPaV) and Grape vine virus A (GVA). Grapevine virus E
was also identified, which had not previously been reported in
vineyards in South Africa, and in addition this study was the first
to isolate and identify mycoviruses in grapevine phloem.
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In later work the transcriptome of the grapevine cultivar
Tannat, that had been sequenced in an earlier study (Da Silva
et al., 2013), was extracted from the SRA and re-analyzed for
the presence of viruses (Jo et al., 2015). The transcriptome was
composed of multiple libraries from three different grapevine
tissues; grain, skin and seed, and paired-end sequencing had
been conducted using the HiSeq 1000 technology (Da Silva
et al., 2013). De-novo assembly was conducted with the raw
reads from each library using Trinity (Grabherr et al., 2011) and
the contigs compared against virus reference genome sequences
using Blast (Altschul et al., 1990). Across all the libraries the
most prevalent viruses identified were Grapevine yellow speckle
viroid 1 (GYSVd1), Grapevine pinot gris virus (GPGV), Hop
stunt viroid (HSVd), and Grapevine leafroll-associated virus 2
(GLRaV2). Themost prevalent virus was different in each library.
This study also found that the distribution of some viruses varied
between the different tissue types. Whilst 4 viruses, (GRSPaV-1,
GPGV, GYSVd1, and HSVd), were identified in all 3 tissues, Oat
blue dwarf virus (OBDV) and Potato virus S (PVS) were only
identified in the seed tissues, and skin tissue was shown to have a
higher prevalence of viruses in general than grain tissue.
Sweet Potato (Ipomoea batatas)
Sweet potato (Ipomoea batatas) is known to be infected by more
than 30 viruses (Clark et al., 2012) and this was investigated in
a study which sequenced sRNAs from sweet potato in Honduras
and Guatemala (Kashif et al., 2012). sRNAs were isolated from
total RNA extracted from leaf material and sequenced using
Illumina Genome Analyzer technology. Velvet (Zerbino and
Birney, 2008) was used to assemble short reads and the contigs
were compared against the NCBI non-redundant database using
Blast (Altschul et al., 1990). The virus sequences identified were
then used as references to make alignments of the short reads
using MAQ (Li et al., 2008) and to make assemblies of individual
viruses. This method enabled the simultaneous detection of
three RNA viruses [Sweet potato chlorotic stunt virus strain
WA (SPCSV-WA), Sweet potato feathery mottle virus (SPFMV-
RC), and Sweet potato virus C (SPVC)], and two DNA viruses
[Sweet Potato leaf curl Georgia virus (SPLCGV) and Sweet potato
pakakuy virus strain B (SPPV-B)]. The study also showed that
some plants were co-infected with more than one virus, and in
specific cases this affected the severity of disease symptoms. For
example, plants infected with SPPV-B developed leaf symptoms
of varying severity, but when disease symptoms were severe
SPCSV-WA was always present.
Orange Fruit (Citrus sinensis)
Over 4 million orange trees (Citrus sinensis) have recently been
lost from Citrus sudden death (CSD) disease in the Sao Paulo
State of Brazil. It was thought that CSD was caused by a variant
of the Citrus tristeza virus (CTV) and RNA-seq was performed
on CSD-symptomatic and -asymptomatic plants to test this
hypothesis (Matsumura et al., 2017). Sequencing was conducted
using Illumina HiSeq 2000 technology and raw reads de novo
assembled using the CLC Assembly Cell (CLC Bio-Qiagen) and
Trinity (Grabherr et al., 2011). The contigs were mapped to
the host genome and host contigs removed. Unmapped contigs
were compared against the NCBI non-redundant (nr) virus
protein database using Blastx (Altschul et al., 1990), and potential
virus sequences were individually checked to confirm the virus
classification. Contigs that shared high sequence identity with
the same virus species were compared against the nucleotide
NCBI nr virus nucleotide database using BLASTn to identify
virus isolates. This methodology showed mixed infections that
included CTV, Citrus sudden death-associated virus (CSDaV),
Citrus endogenous pararetrovirus (CitPRV) and two putative
novel viruses named as Citrus jingmen-like virus (CJLV), and
Citrus virga-like virus (CVLV). This study was additionally
able to differentiate two genotypes for both CTV and CSDaV,
and indicated that one CSDaV genotype was associated with
symptomatic plants.
Tomato (Solanum lycopersicum)
The final study discussed here is one that investigated viruses
infecting tomatoes in the US and Mexico (Li et al., 2012). In this
work sRNAs were sequenced from tomato plants with disease
symptoms using the Genome Analyzer II technology. The raw
reads were first aligned to the tomato genome using BWA (Li and
Durbin, 2009) and un-aligned reads were aligned to the Genbank
(Benson et al., 2013) virus collection again using BWA. The
sRNA reads were also de novo assembled using Velvet (Zerbino
and Birney, 2008), the sRNAs aligned back to the assembled
contigs using BWA, and the base coverage at each position of
the contigs calculated. The final contigs were compared against
GenBank (Benson et al., 2013) nt and nr databases, respectively,
using BLAST (Altschul et al., 1990). Contigs with significant
similarity to known viruses were identified as candidate virus
sequences. Using this method the complete genomes of six
Pepino mosaic virus (PepMV) isolates and a Potato spindle
tuber viroid (PSTVd) isolate were assembled. In addition,
two strains of PepMV (EU and US1), present as a mixed
infection, were differentially assembled into their respective
genomes and a novel potyvirus was detected and its full genome
assembled.
There are a number of common threads that are highlighted
by these studies; (a) co-infection of individual plants with more
than one virus, (b) the identification of viruses in asymptomatic
plants, (c) different viruses or levels of viruses associated with
different parts of the plant, (d) different analysis tools giving
rise to different viruses being detected, (e) the identification of
novel viruses and/or novel virus isolates, and (f) identification of
viruses in specific geographical regions or in host species where
they have not been observed previously. As summarized, these
studies were conducted using different virus detection workflows
that included different algorithms, tools and databases. The main
elements of many of the methods included (a) quality control
of the raw reads, (b) assembly of raw reads into contigs, (c) the
removal of host sequences by alignment to a host genome and
(d) identification of viral reads by mapping to a virus database
(Figure 1). Whilst the same short read mapper, alignment and
assembly tools were shared bymany studies [Bowtie2; Langmead,
2013, Trinity Grabherr et al., 2011, Velvet (Zerbino and Birney,
2008), Oases (Schulz et al., 2012), Blast (Altschul et al., 1990)]
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they were applied with different parameters and thresholds,
specific for the RNA-seq data being analyzed.
Bioinformatics Tools for Virus Detection
Using RNA-seq Data
The need to achieve the types of analyses described in the
previous section has given rise to a number of bioinformatics
tools designed to complete the analysis in a workflow. Recent
methods (including those for the analysis of RNA-seq and
sRNA-seq) are summarized in Table 1, where it is clear that
the predominant focus of the majority of these tools has been
the identification of viruses in human clinical samples. This is
an easier problem to address, as the availability of the human
genome allows for rapid subtraction of host sequence, and human
virus data predominates in sequence databases, making multiple
virus detection possible. Comparably, the genomes ofmany crops
are unknown or incomplete, and plant virus sequences are poorly
represented in databases.
Any virus detection workflow needs to be capable of: (1)
uploading raw sequence reads (comprising both host and virus)
from a sequencing platform, (2) conducting quality control
measures on raw data files, including trimming of poor quality
reads and adaptor sequences, (3) identifying and removing
host reads, (4) identifying known viruses and ideally (5)
providing a method for the identification of novel viruses and/or
strains (Figure 1). As described previously the main strategy for
achieving this is through a combination of assembly andmapping
(Table 1). The one exception to this is Taxonomer (Flygare et al.,
2016) which takes advantage of a new development in this field;
k-mer profiling (Flygare et al., 2016). Nucleotide sequences can be
treated as character strings and divided into multiple substrings
of length k. In this way, a sequence can be represented by k-mer
profiles, and these profiles can be compared to reference databases
for taxonomic assignment. K-mer based methods are much faster
than alignment methods and they have successfully been used in
the identification of viral haplotypes (Malhotra and Sowdhamini,
2013). As with all bioinformatics tools, when published, the
virus detection workflows outlined in Table 1 have been tested
on be-spoke datasets using ideal computing environments and
with knowledge of optimal parameters. Hence publications lay
claim to methods being faster or better than others, when robust
benchmarking has often not been conducted.
While it is possible to sequence the transcriptome of an
infected plant for < £500 per sample, the real bottleneck (and
cost) comes in analyzing the data in a meaningful way. In
small research groups without a bioinformatician or access
to a bioinformatics core facility, sequence analysis is often
conducted by the non-expert using online resources. Whilst the
latest published method might offer “better” virus detection,
it is of little use to the non-expert if the software requires
local installation, knowledge of the Linux operating system,
is dependent upon the installation of additional programs or
modules or the installation of a separate analytical environment.
So we asked the question; of those tools in Table 1, which ones
can actually be used by the non-expert with RNA-seq data from
an infected plant?
Virus Detection in Practice
Those tools providing online access, not requiring local
installation of software or analysis environments, and with
the potential to analyse plant samples are Taxonomer (Flygare
et al., 2016), VirusDetect (Zheng et al., 2017) and Virfind
(Ho and Tzanetakis, 2014). Only the first two provide a
true web interface that includes file upload, analysis and
provision of results interactively. VirFind (Ho and Tzanetakis,
2014) provides a web interface for the submission of a
form that details the analysis and files to be upload. File
upload is through FTP and results are provided via email,
usually after 2–3 days for large datasets. Hence, we chose
to conduct a simple test of Taxonomer (Flygare et al., 2016)
and VirusDetect (Zheng et al., 2017) on 3 datasets derived
from studies with data deposited in the SRA (Leinonen et al.,
2011). The RNA-seq datasets used were from pear, pepper and
grapevine (Table 2), and the aim of the test was to evaluate
if automatic virus detection was possible and comparable
to the results described in the original studies of these
datasets.
The full analysis mode of Taxonomer (Flygare et al., 2016) was
tested on the two RNA-seq datasets. However, as plant genomes
are not included specifically in the built-in k-mer databases the
majority of the reads were classified as unknown. Only 8% of
the pear RNA-seq reads were classified and <1% of the pepper
reads. Taxonomer did classify 5,707 reads as virus for pear and
364,959 reads as virus for pepper. Of the 4 viruses identified in the
original study for pear, Taxonomer only identified one (ASGV),
but of the 13 originally identified in pepper the tool successfully
identified 8 (ALPV, PeSV, ChLCuV, TolcRnV, TolcJov, TolcBDB,
PepLCBV, PepLCPV). The exclusion of plants as a k-mer database
for classification influences the results given by this tool. Better
results were obtained for pepper, which might reflect the paired-
end nature of the RNA-seq data, or the fact that the default
k-mer size (21) used to create the k-mer databases might be
more suited to one dataset than the other. However, because
this tool is using k-mer profiling and matching rather than
mapping and assembly it is incredibly quick. It took <10 h to
return results for the 9.7M reads of the pepper transcriptome.
These results indicate that as a first automatic screening of
RNA-seq data Taxonomer (Flygare et al., 2016) works well. The
results can be downloaded as a hierarchical JSON formatted file,
the read matches as a text file in which the classified viruses
are identified by their NCBI Taxonomic identification numbers,
and a summary of matched species as an excel spreadsheet.
This enables further analysis of the sequences after initial
classification.
VirusDetect (Zheng et al., 2017) was tested on sRNA-seq data
from grapevine (713.4M bases), and after file upload it gave
results in < 4 h. The results consisted of an interactive table
that gave the Genbank IDs for the viruses identified that linked
directly to Genbank (Benson et al., 2013). VirusDetect (Zheng
et al., 2017) identified 11 virus isolates in the grape sRNA-
seq data, 5 of which were identified in the original study. The
additional isolates result from the identification of one extra virus
Prunus necrotic ringspot virus, four extra isolates of GRSPaV
and one of GFKV. Again the results and the fast nature of the
Frontiers in Plant Science | www.frontiersin.org 5 October 2017 | Volume 8 | Article 1770
Jones et al. Virus Diagnostics in Plants
T
A
B
L
E
1
|
B
io
in
fo
rm
a
tic
s
to
o
ls
fo
r
th
e
id
e
n
tifi
c
a
tio
n
o
f
vi
ru
se
s
in
R
N
A
-s
e
q
u
e
n
c
e
sa
m
p
le
s.
To
o
l
R
e
fe
re
n
c
e
S
tr
a
te
g
y
B
e
n
c
h
m
a
rk
in
g
S
e
q
In
p
u
t
A
v
a
il
a
b
il
it
y
V
irF
in
d
H
o
a
n
d
T
za
n
e
ta
ki
s,
2
0
1
4
W
e
b
b
a
se
d
to
o
lt
h
a
t
m
a
p
s
a
n
d
re
m
o
ve
s
h
o
st
re
a
d
s,
g
iv
e
s
ta
xo
n
o
m
ic
in
fo
rm
a
tio
n
fo
r
vi
ru
s
re
a
d
s
•
Q
u
a
lit
y
C
o
n
tr
o
l
•
M
a
p
p
in
g
to
h
o
st
:
B
o
w
tie
2
(L
a
n
g
m
e
a
d
,
2
0
1
3
)
•
A
ss
e
m
b
ly
o
f
n
o
n
-h
o
st
re
a
d
s:
V
e
lv
e
t
•
C
o
n
tig
s
c
o
m
p
a
re
d
w
ith
G
e
n
B
a
n
k
u
si
n
g
B
la
st
x
•
U
n
m
a
p
p
e
d
re
a
d
s
tr
a
n
sl
a
te
d
a
n
d
c
o
m
p
a
re
d
a
g
a
in
st
N
C
B
Ic
o
n
se
rv
e
d
d
o
m
a
in
d
a
ta
b
a
se
( M
a
rc
h
le
r-
B
a
u
e
r
e
t
a
l.,
2
0
1
5
)
3
8
P
la
n
t
sa
m
p
le
s
fr
o
m
1
9
sp
e
c
ie
s
sR
N
A
m
R
N
A
W
e
b
b
a
se
d
to
o
lw
ith
G
U
I
h
tt
p
:/
/v
irfi
n
d
.o
rg
Ta
xo
n
o
m
e
r
F
ly
g
a
re
e
t
a
l.,
2
0
1
6
F
a
st
w
e
b
-b
a
se
d
m
e
ta
g
e
n
o
m
ic
s
a
n
a
ly
si
s
to
o
lb
a
se
d
o
n
k-
m
e
r
p
ro
fil
in
g
C
o
m
p
ris
e
d
o
f
4
m
o
d
u
le
s
•
B
in
n
e
r:
c
o
m
p
a
re
s
re
a
d
s
to
re
fe
re
n
c
e
k-
m
e
r
d
a
ta
b
a
se
[b
a
se
d
o
n
2
1
-k
m
e
rs
c
re
a
te
d
u
si
n
g
K
a
n
a
ly
ze
( A
u
d
a
n
o
a
n
d
V
a
n
n
b
e
rg
,
2
0
1
4
)]
a
ss
ig
n
in
g
to
b
ro
a
d
ta
xa
(h
u
m
a
n
,
vi
ru
s,
b
a
c
te
ria
)
•
C
la
ss
ifi
e
r:
e
xa
c
t
k-
m
e
r
m
a
tc
h
in
g
w
ith
in
ta
xo
n
o
m
ic
b
in
s
a
g
a
in
st
k-
m
e
r
d
a
ta
b
a
se
s
c
re
a
te
d
fr
o
m
U
n
iR
e
f
d
a
ta
se
ts
( S
u
ze
k
e
t
a
l.,
2
0
1
5
)
(e
.g
.,
vi
ra
lU
n
iR
e
f9
0
)
•
P
ro
to
n
o
m
e
r:
fu
rt
h
e
r
c
la
ss
ifi
c
a
tio
n
in
p
ro
te
in
sp
a
c
e
•
A
ft
e
rB
u
rn
e
r:
d
is
c
o
ve
ry
o
f
n
o
ve
lt
a
xa
H
u
m
a
n
m
R
N
A
W
e
b
se
rv
e
r:
h
tt
p
s:
//
w
w
w
.t
a
xo
n
o
m
e
r.
c
o
m
/
V
S
D
to
o
lk
it
B
a
rr
e
ro
e
t
a
l.,
2
0
1
7
M
o
d
u
le
s
a
n
d
w
o
rk
flo
w
s
in
th
e
Y
a
b
ia
n
a
ly
tic
a
le
n
vi
ro
n
m
e
n
t
fo
r
id
e
n
tifi
c
a
tio
n
o
f
vi
ra
ls
e
q
u
e
n
c
e
s
in
p
la
n
ts
•
Q
u
a
lit
y
C
o
n
tr
o
l
•
D
e
n
o
vo
a
ss
e
m
b
ly
:
S
P
A
d
e
s
( B
a
n
ke
vi
c
h
e
t
a
l.,
2
0
1
2
)
•
O
ve
rla
p
p
in
g
c
o
n
tig
s
m
e
rg
e
d
•
C
o
n
tig
s
>
4
0
n
t
a
lig
n
e
d
to
p
la
n
t,
vi
ru
s
a
n
d
vi
ro
id
G
e
n
b
a
n
k
d
a
ta
b
a
se
s
u
si
n
g
B
la
st
n
a
n
d
B
la
st
x
•
U
n
m
a
p
p
e
d
c
o
n
tig
s
fil
te
re
d
a
n
d
a
n
a
ly
ze
d
to
id
e
n
tif
y
p
u
ta
tiv
e
c
irc
u
la
r
vi
ro
id
s
2
1
P
la
n
t
g
e
n
o
m
e
s
sR
N
A
S
o
u
rc
e
c
o
d
e
a
va
ila
b
le
to
u
se
w
ith
Y
a
b
i(
H
u
n
te
r
e
t
a
l.,
2
0
1
2
)
h
tt
p
s:
//
g
ith
u
b
.c
o
m
/m
u
c
c
g
/y
a
b
i
M
e
ta
vi
si
to
r
C
a
ris
si
m
o
e
t
a
l.,
2
0
1
7
M
o
d
u
la
r
to
o
ls
a
n
d
w
o
rk
flo
w
s
w
ith
in
th
e
G
a
la
xy
a
n
a
ly
tic
a
l
e
n
vi
ro
n
m
e
n
t,
d
e
si
g
n
e
d
fo
r
d
e
te
c
tio
n
a
n
d
re
c
o
n
st
ru
c
tio
n
o
f
vi
ra
lg
e
n
o
m
e
s
•
Q
u
a
lit
y
c
o
n
tr
o
l
•
M
a
p
p
in
g
to
h
o
st
,
sy
m
b
io
n
ts
a
n
d
p
a
ra
si
te
s:
B
o
w
tie
2
•
U
n
m
a
p
p
e
d
re
a
d
s
a
ss
e
m
b
le
d
u
si
n
g
V
e
lv
e
t
+
O
a
se
s
( S
c
h
u
lz
e
t
a
l.,
2
0
1
2
)
o
r
Tr
in
ity
•
C
o
n
tig
s
c
o
m
p
a
re
d
to
G
e
n
b
a
n
k
vi
ru
s
d
a
ta
b
a
se
u
si
n
g
B
la
st
x
a
n
d
B
la
st
n
•
B
la
st
g
u
id
e
d
sc
a
ff
o
ld
in
g
o
f
se
le
c
te
d
vi
ru
s
se
q
u
e
n
c
e
s
H
u
m
a
n
D
ro
sp
h
ila
M
o
sq
u
ito
m
R
N
A
S
o
u
rc
e
c
o
d
e
a
va
ila
b
le
to
u
se
w
ith
in
G
a
la
xy
(A
fg
a
n
e
t
a
l.,
2
0
1
6
).
G
a
la
xy
To
o
ls
h
e
d
:
su
ite
_m
e
ta
vi
si
to
r_
1
_2
G
a
la
xy
in
st
a
n
c
e
:
h
tt
p
s:
//
m
is
si
ss
ip
p
i.s
n
v.
ju
ss
ie
u
.f
r/
V
IP
L
ie
t
a
l.,
2
0
1
6
A
n
in
te
g
ra
te
d
p
ip
e
lin
e
fo
r
m
e
ta
g
e
n
o
m
ic
s
o
f
vi
ru
s
id
e
n
tifi
c
a
tio
n
a
n
d
d
is
c
o
ve
ry
•
Q
u
a
lit
y
C
o
n
tr
o
l
•
M
a
p
p
in
g
to
h
o
st
:
B
o
w
tie
2
•
F
a
st
M
o
d
e
:
re
a
d
s
m
a
p
p
e
d
to
V
iru
s
P
a
th
o
g
e
n
R
e
so
u
rc
e
(V
iP
R
)
( P
ic
ke
tt
e
t
a
l.,
2
0
1
2
)
a
n
d
In
flu
e
n
za
D
a
ta
b
a
se
( S
q
u
ire
s
e
t
a
l.,
2
0
1
2
)
•
S
e
n
se
m
o
d
e
:
re
a
d
s
m
a
p
p
e
d
to
vi
ru
s
R
e
fS
e
q
( O
’L
e
a
ry
e
t
a
l.,
2
0
1
6
)
n
u
c
le
o
tid
e
•
U
n
m
a
p
p
e
d
re
a
d
s
m
a
p
p
e
d
to
R
e
fS
e
q
p
ro
te
in
:
R
A
P
S
e
a
rc
h
( Z
h
a
o
e
t
a
l.,
2
0
1
2
)
•
O
p
tio
n
s
fo
r
d
e
n
o
vo
a
ss
e
m
b
ly
w
ith
V
e
lv
e
t-
O
a
se
s
H
u
m
a
n
m
R
N
A
L
o
c
a
lI
n
st
a
lla
tio
n
.
C
o
d
e
a
va
ila
b
le
a
t
h
tt
p
s:
//
g
ith
u
b
.c
o
m
/k
e
yl
a
b
iv
d
c
/V
IP
(C
o
n
ti
n
u
e
d
)
Frontiers in Plant Science | www.frontiersin.org 6 October 2017 | Volume 8 | Article 1770
Jones et al. Virus Diagnostics in Plants
T
A
B
L
E
1
|
C
o
n
tin
u
e
d
To
o
l
R
e
fe
re
n
c
e
S
tr
a
te
g
y
B
e
n
c
h
m
a
rk
in
g
S
e
q
In
p
u
t
A
v
a
il
a
b
il
it
y
V
iro
m
e
S
c
a
n
R
a
m
p
e
lli
e
t
a
l.,
2
0
1
6
To
o
lf
o
r
m
e
ta
g
e
n
o
m
ic
s
vi
ra
l
c
o
m
m
u
n
ity
p
ro
fil
in
g
•
M
a
p
p
in
g
to
b
u
ilt
-i
n
d
a
ta
b
a
se
s
(in
c
lu
d
e
s
p
la
n
ts
):
B
o
w
tie
2
•
M
a
p
p
e
d
re
a
d
s
p
ro
c
e
ss
e
d
fo
r
q
u
a
lit
y
•
H
u
m
a
n
B
e
st
M
a
tc
h
Ta
g
g
e
r
(B
M
Ta
g
g
e
r)
( A
g
a
rw
a
la
a
n
d
A
le
ks
a
n
d
r,
2
0
1
1
)
u
se
d
to
sc
re
e
n
o
u
t
h
u
m
a
n
a
n
d
b
a
c
te
ria
ls
e
q
u
e
n
c
e
s
•
S
c
re
e
n
e
d
re
a
d
s
re
-m
a
p
p
e
d
to
vi
ru
s
d
a
ta
b
a
se
:
B
o
w
tie
2
H
u
m
a
n
m
R
N
A
L
o
c
a
li
n
st
a
lla
tio
n
.
C
o
d
e
a
va
ila
b
le
a
t
h
tt
p
:/
/s
o
u
rc
e
fo
rg
e
.n
e
t/
p
ro
je
c
ts
/v
iro
m
e
sc
a
n
V
iru
sH
u
n
te
r
Z
h
a
o
e
t
a
l.,
2
0
1
3
D
a
ta
a
n
a
ly
si
s
p
ip
e
lin
e
fo
r
n
o
ve
l
vi
ru
s
id
e
n
tifi
c
a
tio
n
fr
o
m
R
o
c
h
e
4
5
4
se
q
u
e
n
c
e
rs
a
n
d
o
th
e
r
lo
n
g
re
a
d
p
la
tf
o
rm
s
•
S
im
ila
r
re
a
d
s
c
lu
st
e
re
d
u
si
n
g
C
D
-H
it
(L
ia
n
d
G
o
d
zi
k,
2
0
0
6
)
a
n
d
lo
n
g
e
st
se
q
u
e
n
c
e
u
se
d
a
s
re
p
re
se
n
ta
tiv
e
•
R
e
p
e
a
t
re
g
io
n
s
m
a
sk
e
d
w
ith
R
e
p
e
a
t
M
a
sk
e
r
( S
m
it
e
t
a
l.,
2
0
1
3
)
•
M
a
p
p
in
g
to
h
o
st
(d
e
fa
u
lt:
H
u
m
a
n
):
B
la
st
n
•
U
n
m
a
p
p
e
d
se
q
u
e
n
c
e
s
a
lig
n
e
d
to
N
C
B
In
u
c
le
o
tid
e
d
a
ta
b
a
se
a
n
d
c
la
ss
ifi
e
d
in
to
ta
xo
n
o
m
ie
s
•
U
n
m
a
p
p
e
d
se
q
u
e
n
c
e
s
m
a
p
p
e
d
to
N
C
B
In
r
d
a
ta
b
a
se
s
u
si
n
g
B
la
st
x
B
H
K
(h
a
m
st
e
r)
c
e
ll
c
u
ltu
re
in
fe
c
te
d
w
ith
vi
ru
se
s
m
R
N
A
h
tt
p
:/
/p
a
th
o
lo
g
y.
w
u
st
l.e
d
u
/V
iru
sH
u
n
te
r/
C
o
d
e
a
va
ila
b
le
u
p
o
n
re
q
u
e
st
fo
r
lo
c
a
li
n
st
a
lla
tio
n
e
zV
IR
P
e
tt
y
e
t
a
l.,
2
0
1
4
B
io
in
fo
rm
a
tic
s
p
ip
e
lin
e
to
e
va
lu
a
te
sp
e
c
tr
u
m
o
f
kn
o
w
n
h
u
m
a
n
vi
ru
se
s
•
M
a
p
p
in
g
to
h
o
st
(H
u
m
a
n
g
e
n
o
m
e
):
B
o
w
tie
2
•
N
o
n
h
o
st
m
a
p
p
e
d
to
c
u
st
o
m
vi
ru
s
d
a
ta
b
a
se
:
B
o
w
tie
2
•
A
d
d
iti
o
n
a
la
n
a
ly
si
s
o
n
sp
e
c
ifi
c
m
a
p
p
e
d
c
la
ss
e
s
p
ro
vi
d
e
s
ta
rg
e
te
d
st
ra
in
c
la
ss
ifi
c
a
tio
n
H
u
m
a
n
m
R
N
A
L
o
c
a
li
n
st
a
lla
tio
n
.
C
o
d
e
a
va
ila
b
le
:
h
tt
p
:/
/c
e
g
g
.
u
n
ig
e
.c
h
/e
zv
ir
V
iru
s
D
e
te
c
t
Z
h
e
n
g
e
t
a
l.,
2
0
1
7
B
io
in
fo
rm
a
tic
s
p
ip
e
lin
e
to
a
n
a
ly
se
sR
N
A
d
a
ta
se
ts
fo
r
b
o
th
kn
o
w
n
a
n
d
n
o
ve
lv
iru
s
id
e
n
tifi
c
a
tio
n
•
M
a
p
s
re
a
d
s
to
vi
ru
s
re
fe
re
n
c
e
se
q
u
e
n
c
e
s:
B
W
A
•
M
a
p
p
e
d
re
a
d
s
a
ss
e
m
b
le
d
u
si
n
g
re
fe
re
n
c
e
s
•
M
a
p
p
e
d
re
a
d
s
d
e
n
o
vo
a
ss
e
m
b
le
d
u
si
n
g
V
e
lv
e
t
•
R
e
fe
re
n
c
e
a
ss
e
m
b
lie
s
a
n
d
d
e
n
o
vo
a
ss
e
m
b
lie
s
p
o
o
le
d
a
n
d
re
d
u
n
d
a
n
t
se
q
u
e
n
c
e
s
re
m
o
ve
d
•
C
o
n
tig
s
c
o
m
p
a
re
d
to
vi
ru
s
re
fe
re
n
c
e
n
u
lc
o
tid
e
s:
B
la
st
n
•
U
n
m
a
tc
h
e
d
c
o
n
tig
s
m
a
tc
h
e
d
to
vi
ru
s
re
fe
re
n
c
e
B
la
st
x
P
la
n
ts
(P
o
ta
to
)
sR
N
A
W
e
b
se
rv
e
r:
h
tt
p
:/
/b
io
in
fo
.b
ti.
c
o
rn
e
ll.
e
d
u
/t
o
o
l/
V
iru
sD
e
te
c
t
V
iru
sF
in
d
e
r
W
a
n
g
e
t
a
l.,
2
0
1
3
S
o
ft
w
a
re
fo
r
d
e
te
c
tio
n
o
f
vi
ru
se
s
a
n
d
th
e
ir
h
o
st
in
te
g
ra
tio
n
si
te
s
•
M
a
p
p
in
g
to
h
o
st
(H
u
m
a
n
g
e
n
o
m
e
):
B
o
w
tie
2
•
N
o
n
-h
o
st
re
a
d
s
m
a
p
p
e
d
o
n
e
o
f
tw
o
vi
ru
s
d
a
ta
b
a
se
s
( H
ira
h
a
ta
e
t
a
l.,
2
0
0
7
;
B
h
a
d
u
ri
e
t
a
l.,
2
0
1
2
):
B
o
w
tie
2
•
M
a
p
p
e
d
re
a
d
s
d
e
n
o
vo
a
ss
e
m
b
le
d
:
Tr
in
ity
•
C
o
n
tig
s
m
a
p
p
e
d
to
vi
ru
s
d
a
ta
b
a
se
a
n
d
h
u
m
a
n
g
e
n
o
m
e
•
F
o
r
sp
e
c
ifi
c
vi
ru
s
o
f
in
te
re
st
h
o
st
in
te
g
ra
tio
n
si
te
s
a
re
id
e
n
tifi
e
d
u
si
n
g
B
W
A
(L
ia
n
d
D
u
rb
in
,
2
0
0
9
)
H
u
m
a
n
R
N
A
-s
e
q
W
G
S
Ta
rg
e
te
d
h
tt
p
s:
//
b
io
in
fo
.u
th
.e
d
u
/V
iru
sF
in
d
e
r/
R
e
fe
re
n
c
e
s
fo
r
d
a
ta
b
a
s
e
s
a
n
d
s
o
ft
w
a
re
w
it
h
m
u
lt
ip
le
e
n
tr
ie
s
in
ta
b
le
:
G
e
n
b
a
n
k
(B
e
n
s
o
n
e
t
a
l.,
2
0
1
3
),
B
la
s
tx
a
n
d
B
la
s
tn
(A
lt
s
c
h
u
le
t
a
l.,
1
9
9
0
),
V
e
lv
e
t
(Z
e
rb
in
o
a
n
d
B
ir
n
e
y,
2
0
0
8
),
B
o
w
ti
e
2
(L
a
n
g
m
e
a
d
,
2
0
1
3
),
Tr
in
it
y
(G
ra
b
h
e
rr
e
t
a
l.,
2
0
1
1
).
Frontiers in Plant Science | www.frontiersin.org 7 October 2017 | Volume 8 | Article 1770
Jones et al. Virus Diagnostics in Plants
TABLE 2 | RNA-seq datasets used to test two automated virus detection tools.
Organism SRA ID Data type Viruses detected in original analysis
Pear (Pyrus pyrifolia) SRR1269627 RNA-seq, SE ASGV, AGCAV, ASPV, PrVT (Jo et al., 2016)
Pepper (Capsicum annuum) SRR1123893 RNA-seq, PE ALPV, BPEV, cgLCuV, CYVMVA, PepLCB, PepLCBV, PeSV, ToLCRnV, ToLCBDB, ToLCJoV,
GaILV, TolCGV, TVCV (Jo et al., 2017)
Grape Vine (Vitis vinifera) SRR3680863 sRNA-seq, SE GRSPaV, GVB, GFkV, GLRaV-3, HSVd (Barrero et al., 2017)
The specific sequence datasets used are indicated by their SRR number in the SRA (Leinonen et al., 2011). SE, Single-end; PE, Paired-end.
Pear: Prunus virus T (PrVT), Apple green crinkle associated virus (AGCAV), Apple stem grooving virus (ASGV), Apple stem pitting virus (ASPV). Pepper: Aphid lethal paralysis virus (ALPV),
Pepper leaf curl Bangladesh virus (PepLCBV), Pea streak virus (PeSV), Pepper leaf curl virus betasatellite (PepLCVB), Tobacco vein clearing virus (TVCV), Bell pepper endornavirus (BPEV).
Tomato leaf curl Ranchi virus (ToLCRnV), Tomato leaf curl Bangladesh betasatellite (ToLCBDB), Tomato leaf curl virus (ToLCJoV), Tomato leaf curl Gujarat virus (TolCGV), Cotton leaf
curl virus (CLCuV), Croton yellow vein mosaic virus (CYVMVA), Pepper leaf curl virus betasatellite (PepLCVB), Gaillardia latent virus (GaILV). Grape vine: Grapevine rupestris stem
pitting-associated virus (GRSPaV), Grapevine virus B (GVB), Grapevine fleck virus (GFkV), Grapevine leafroll-associated virus (GLRaV-3), Hop stunt viroid (HSVd).
tools make VirusDetect (Zheng et al., 2017) an excellent first pass
screen for virus detection in sRNA-seq data from plants.
DISCUSSION AND FUTURE DIRECTIONS
The fact that none of the virus detection tools were used by any of
the published studies on the detection of viruses in plants using
RNA-seq data is perhaps surprising. Whilst some tools were not
available at the time of analyses, many were but were not used.
One reason for this is likely to be the fact that majority of the
tools use algorithms that are available as standalone applications.
When such algorithms are use outside the constraints of a rigid
workflow there is much greater flexibility over the parameters
and databases that can be used for analysis. In addition, many of
the tools described in Table 1 have been developed using human
clinical samples (only 3 of the 10 use plants for testing), andwhilst
some tools allow the host genome to be changed to non-human
alternatives, many of the parameters in the pipelines will still
have been designed to achieve optimal results for human samples.
In addition, some workflows map potential virus sequences to
old versions of public databases or custom databases that are
no longer updated, meaning potential virus matches would be
missed. One final factor that might work against the use of rigid
workflows, is that using analysis tools outside of a workflow gives
greater control over the types of data files than can saved at each
stage of the analyses, which is important for further downstream
analysis.
In generic terms the main problems facing those developing
tools for virus detection from RNA-seq data are; (a) the upload of
large NGS raw read files, (b) computer intensive data processing
steps (assembly, mapping and alignment), (c) reliance upon
pre-computed custom databases and (d) how to make the
tools available. In addition, the problem of identifying novel
viruses is not directly addressed by any bioinformatics tool,
as it requires iterative rounds of assembly and mapping by a
user with expert knowledge of viral genomes. The problem of
tool availability is one of the most difficult ones to solve. A
webserver is the best option for the non-expert (as exemplified
above), but this requires significant computer hardware at
the remote site and can be accompanied by difficulties of
uploading large files [although this was successfully achieved
for Taxonomer (Flygare et al., 2016) and VirusDetect (Zheng
et al., 2017)]. Using locally installed software for virus detection
means data does not have to be uploaded to a remote site,
but requires expertise in software installation and the Linux
environment.
The use of web based analytical environments such as Galaxy
(Afgan et al., 2016) and Yabi (Hunter et al., 2012) appear to
offer a solution, but their real advantage only comes if they are
installed locally. Local installation of such environments allows
them to be customized with the addition of new tools and
programs. But this still means that users require access to local
hardware that is capable of running computer intensive analyses.
The future may lie with viral diagnostics workflows that use an
analytical environment deployed using Cloud computing (Liu
et al., 2014). Cloud computing makes the best use of multiple
computers to provide on-demand access to hosted resources,
with clouds essentially being large server farms that make use
of virtualization to provide remote users with a large number
of virtual machines (VMs) (a VM is software that emulates the
behavior of a separate computer running an operating system)
(Shanahan et al., 2014). Cloud computing for analysis of NGS
data has already been widely implemented (e.g., Stein, 2010) and
has been applied to genomic analysis of legume crops (O’Sullivan
and Angra, 2016).
Galaxy (Afgan et al., 2016) has already developed its own
integrated solution for cloud computing, known as Galaxy
CloudMan (Afgan et al., 2012). This is a cloud manager that
allows users to deploy and share an instance of Galaxy on
a cloud computing infrastructure using a web browser. Using
such an application would make it possible to develop analysis
workflows for virus detection using Galaxy; and then allow users
access, which means users can use the workflow without the
need to have substantial local hardware. However, the problem
with many cloud based tools is that they have been developed
for use with a single cloud service and such services attract
costs. Amazon Web Services (AWS) was the first to offer on
demand cloud facilities and many applications are tied to this
service, CloudMan (Afgan et al., 2012) being an example. Now
that Google and Microsoft are offering cloud computing it is
important to develop tools that are capable of using different
cloud service providers. In a recent development Multi-Cloud
Genome Key (that executes a variant analysis workflow using
Frontiers in Plant Science | www.frontiersin.org 8 October 2017 | Volume 8 | Article 1770
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NGS data) (Elshazly et al., 2017) has been designed to work
across resources from different commercial clouds. This software
is even capable of executing a workflow using a cluster whose
nodes come from different clouds. This novel development
will be of importance in the future when both academic and
commercial clouds evolve further. To date, virus detection using
cloud computing has not been implemented; but could be
achieved if fast k-mer based methods could be incorporated
into an analytical environment such as Galaxy (Afgan et al.,
2016). But clearly when such methods are developed, this needs
to be done in the context of recent advances such as MC-
GenomeKey (Elshazly et al., 2017) to optimize the use of cloud
based services.
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